M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT biochemical methane potentials (BMPs) assays were conducted under thermophilic conditions from 23 differentially pretreated samples and the pretreatment with the best performance was further tested 24 in continuous mode operation. From BMP assays, 1.5% (w/w) TiO 2 /straw at 3 hours of UV light 25 exposure pretreatment resulted in 37% (p < 0.05) increase in methane yield and 25% in CSTRs. It 26 was concluded that the presence of TiO 2 and the products of lignin oxidation did not inhibit the AD 27 process. Finally, a simplified energy assessment showed that all pretreatment conditions become 28 feasible when amounts of substrate to be treated are greater than the threshold value of 1.15 g.
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
1 Introduction 36 There has been a lot of debate on replacing fossil fuels with renewable energy sources and 37 maintaining a carbon neutral environment. The production of biofuels from lignocellulosic 38 biomasses has the potential to contribute to fossil fuels replacement. However, an important hurdle 39 associated with the use of these abundant biomasses is the complexity of its structure where 40 cellulose, hemicellulose and lignin are compactly packed. Therefore, to efficiently use this resource, 41 a pretreatment step is required to disrupt the complex structure of polymeric matrix. To this respect 42 different pretreatment methods have been developed including chemical, physical, biological, and 43 combinations of them. The goal of most of these pretreatments is to unpack the lignocellulosic 44 structure and to make the sugars in it available for degradation. They achieve this by altering or 45 removing the lignin and/or hemicellulose, decreasing the cellulose crystallinity and increasing the 46 surface area for the hydrolases [1] . Very few methods mainly based on oxidation, are targeting also 47 to solubilize the lignin and make this recalcitrant organic fraction available for biodegradation. 48 Most of the above mentioned pretreatments are associated with various obstacles; for example, high 49 temperature and pressure requirements, or use of chemicals that may introduce toxicity to the 50 fermentation process [2] . In order to develop a pretreatment method with the desired results, 51 oxidation of biomass in the presence of a catalyst can be an alternative choice. Additionally, from a 52 sustainability point of view a process operated under mild conditions without producing toxic 53 compounds is more preferable. Moreover, this method as oxidative would decompose also lignin a 54 fraction which is often unutilized. Several studies focused on lignin oxidation, in order to transform 55 the highly complex polymer into valuable aromatic chemicals and/or provide a source of low 56 molecular mass feedstocks suitable for downstream processing [3] . 57 Photocatalytic oxidation process can be an alternative solution to perform depolymerization of 58 lignin under mild conditions. The catalyst used most frequently is titanium dioxide (TiO 2 ) due to its M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 4 high activity, chemical stability, commercial availability, and low cost [5] . Other semiconductor 60 materials, such as ZnO 2 and CdS, have also been tested. Basically, the photooxidative degradation 61 of lignin is initiated when TiO 2 absorbs ultraviolet (UV) light. The short wavelength and high 62 energy of UV light trigger reactions of two different pathways, namely, electron hole reaction and 63 OH radical oxidation, to complete the photolysis process [4] . Aromatic aldehydes and carboxylic 64 acids are formed as the main products from the oxidative degradation of lignin. Vanillin has been 65 obtained as a major valuable product in the oxidative deconstruction of lignin, with yields in the 66 range 5-15 wt% with respect to the lignin source [3] . The application of the TiO 2 /UV system has 67 been focused on treating effluents such as olive mill waste water, paper mill effluent, black liquor, 68 wheat straw kraft digestion. Although the direct photocatalytic oxidation of the complicated 69 structure of natural lignin without pretreatment is difficult, some attempts have been made to 70 depolymerize some natural and synthetic lignin sources with simpler structures such as rice husk, 71 alkaline lignin, wood flour, into valuable products (acetic acid, malonic acid, succinic acid, vanillin, 72 aldehydes, etc.) [3] [4] [5] . 73 Based on the aforementioned premises, the present study was mainly focused in exploiting the 74 photocatalytic activity of TiO 2 for pretreatment of wheat straw for biogas production in batch and 75 continuous mode experiments. Therefore, different concentrations of TiO 2 were tested together with 76 different UV light irradiation times, for elucidating whether photocatalytic treatment was increasing 77 the biodegradability of lignocellulosic biomass and determine optimal pretreatment conditions. 78 Finally, the energy demand to perform the pretreatment was calculated to determine the overall 79 energy efficiency of the AD process. respectively. Regarding the VFAs composition, the acetate was measured to be 0.1 ± 0.0 g/L while 90 the rest of the compounds were found in negligible fractions (i.e., isobutyrate, butyrate and 91 isovalerate). Additionally, the total Kjeldahl nitrogen (TKN) and ammonium nitrogen (NH 4 -N) 92 were measured to be 3.6 ± 0.1 and 3.2 ± 0.1 g/L, respectively. 93 Cattle manure was obtained from an animal farm in Zealand, Denmark. Before used, the livestock 94 manure was sieved to discard the remaining lignocellulosic residues and then, was stored at -20 °C. 95 The pH, TS, VS and TVFAs of manure were 7.69, 28.6 ± 0.4 g/L, 19.9 ± 0.3 g/L and 3.6 ± 0.1 g/L, 96 respectively. Moreover, TKN and NH 4 -N were 2.6 ± 0.1 g/L and 1.7 ± 0.1 g/L, respectively. 97 Wheat straw was harvested from Zealand, Denmark. After its arrival to the lab it was cut into 2-3 98 cm length by a cutting mill (Retsch SM 2000) and then, stored at room temperature (21 °C) prior to 99 use. The TS and VS of wheat straw were determined to be 92.8 ± 0.4% and 86.7 ± 0.1%, of fresh 100 matter (FM) respectively. Furthermore, the wheat straw consisted of 42.0 ± 0.7% TS, 30.8 ± 0.5% 101 TS and 26.7 ± 2.7% TS of cellulose, hemicellulose and Klason lignin, respectively. can be found in Hansen et al. [6] . UV light irradiation times were varied from 0 to 3 h (i.e. 0, 1, 2, 113 and 3 h) at different TiO 2 concentrations (0, 1.0, 1.5, 2.0% (w/w)). Experimental set up is 114 summarized in Table 1 . After completion of pretreatment trials, three parts of the pretreated mixture 115 were used for BMP assays whilst the leftover part was used for further quantification of products of 116 lignin oxidation, VFA's, pH and to perform scanning electron microscopy (SEM). Electrical energy 117 consumption of the device was retrieved from Hansen et al. [6] in order to estimate the energy 118 consumption of the pretreatment. only with inoculum and water (blanks) were included to determine the residual methane production 132 from the inoculum. Finally, the batch reactors were flushed with a N 2 /CO 2 (80/20% (v/v)) gas 133 mixture, closed with rubber stoppers and aluminum caps, and incubated for a minimum of 30 days. 134 During incubation period, the reactors were shaken once a day to avoid the development of dead 135 zones. All BMP experiments were performed in triplicates. 229 SEM was performed in order to obtain an insight on the structural changes induced by the 230 pretreatment and visually to evaluate the structural differences between untreated and pretreated 231 wheat straw. SEM images showed that longer irradiation time along with higher concentration of 232 TiO 2 resulted in disruption of the smooth surface of wheat straw with increased porosity. 233 Specifically, the surface of untreated sample has no pits and furrows ( Fig. 2a) (Fig. 2d) was associated with the 238 highest amount of vanillic acid released after undergoing pretreatment (Fig. 2d) . Conversely, an 239 irradiation time of 1 h (Fig. 2b) ultimate methane yield as shown in Fig. 3 . One exception was when the catalyst concentration was 266 increased from 0.5 to 1.0% (w/w) TiO 2 specifically for 3 h irradiation time, where a significant 267 increase in methane yield was observed. Then, as explained by increasing the concentration above 268 the threshold of 1.0% (w/w) TiO 2 , increase on methane yield was no significant (p > 0.05). 269 Actually, it was previously found that the increased concentration of TiO 2 in the solution can 290 The most effective pretreatment identified by BMP tests (i.e. 1.5% (w/w) TiO 2 , 3 h UV irradiation) 291 was further investigated in continuous mode operation. Initially, the CSTR reactor was operated at 292 stable conditions using cattle manure and untreated wheat straw in the feedstock for one HRT. As 293 shown in Fig. 4a and 4b the steady state conditions of reactor can be seen with low VFA 294 accumulation, stable pH and steady methane yield for more than ten days [14] . After this period, the 295 feedstock was changed and specifically, the lignocellulosic biomass was pretreated before feeding 296 into the reactor. The effect of pretreatment was immediately observed, as a rapid increase in 297 methane yield was monitored due to the changed feedstock. This rapid change can be explained on 298 the basis of increased susceptibility of wheat straw -due to the applied pretreatment -to microbial 299 attack and also from the utilization as microbial substrates of the formed lignin oxidation products 300 (i.e., vanillic acid, ferulic acid, acetic acid) to methane. At steady state conditions, the methane yield 301 was increased up to 25% compared to untreated feedstock, without provoking any instability to the 302 reactor, as seen by the stable pH and low VFA accumulation ( Fig. 4a and b ). On the other hand, the 303 achieved increment was remarkably lower compared to BMP results. Indeed, in continuous trials 304 the substrate is constantly fed to and removed from the reactor so that the reaction time is lower to 305 achieve the maximum biodegradability as in batch reactors. 306 Moreover, from the stability of reactor with pretreated wheat straw and steady operation throughout 307 the second and third HRT, advocate the benefit of photocatalytic oxidation process to be used at 3.32 0.0 3 5
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3. • Best pretreatment in BMP assays resulted in 37% increase in methane yield
• Best pretreatment in CSTR´s resulted in 25% increase in methane yield
